There is growing evidence that low levels of the circulating soluble receptor of advanced glycation end products (sRAGE) are a valuable predictor of cardiovascular disease (CVD). The aim of this prospective study was to investigate the influence of long-term physical activity on serum sRAGE levels. 109 subjects were recruited, and 98 completed the study. Participants were asked to perform exercise within the calculated training pulse for 8 months. The performance gain was measured/ quantified by bicycle stress tests at the beginning and end of the observation period. sRAGE was measured at baseline and after 2/6/8 months by ELISA. Backwards, multiple linear regression analysis was performed to investigate the association of co-variables age, sex, BMI, and performance at baseline, HbA 1 c, and lipoprotein a with baseline sRAGE levels. We identified BMI and lipoprotein a as significant predictors for baseline sRAGE levels. Compared to subjects with a performance gain ≤ 4.9% subjects with a gain > 5% showed a significant increase in sRAGE levels up to 22%. sRAGE serum levels correlate negatively with lipoprotein a levels and BMI and long-term physical activity leads to a significant increase in serum sRAGE levels (9-22%), whereby the sRAGE increase is most pronounced in subjects with initially low-performance levels, suggesting that in particular, these subject profit the most from increased physical activity. The sport-mediated increase of sRAGE might be a sign of decreased AGE-mediated inflammation and highlight the protective effect of sports on CVD and other disease which are at least partly mediated by an increased inflammation status. Clinical trials registration NCT02097199.
Introduction
Advanced glycation end products (AGEs) have been associated with the prevalence of numerous disease, e.g., diabetes and its vascular complications [1] , Alzheimer's disease [2] , and atherosclerosis [3] . The circulating soluble receptor of advanced glycation end products (sRAGE) is a biomarker reflecting RAGE (receptor for advanced glycation end products) activity. sRAGE levels were shown to be elevated after acute myocardial infarction (MI) [4] , but lower levels of sRAGE are independently associated with incident coronary heart disease, diabetes mellitus, metabolic syndrome, heart failure, and death [5] [6] [7] . There is growing evidence that low sRAGE levels are a valuable predictor of cardiovascular disease. The investigation of the influence of long-term physical activity on biomarkers for calcification processes [8] , inflammation [9] or the lipid profile [10, 11] , inter alia by our group, has already delivered important information; however, the impact of long-term physical activity on sRAGE levels is mostly unknown and available data is conflicting [12, 13] . Therefore, it was the aim of the present prospective study to investigate the influence of 8 months of increased physical activity on serum sRAGE levels.
Methods
In total, 109 subjects were recruited. The inclusion criteria were: age between 30 and 65 years and physical ability to perform endurance exercise. Exclusion criteria were: age < 30 or > 65 years, no ability to perform endurance exercise, current oncologic or infectious disease (anamnestic or increased inflammation parameters at baseline). 11 subjects did not complete the study for different reasons (accidents, loss of motivation, etc.). Finally, 98 subjects completed the study. The study population, therefore, consisted of 38 female and 60 male subjects aged 30-65 years with at least one classic cardiovascular risk factor: overweight (BMI > 25.0 kg/m 2 ), hypertension (SBP > 140 ± DBP > 85 mmHg at rest/antihypertensive medication), hyper/dyslipidemia (anamnestic statin therapy), diabetes mellitus (HbA1c > 6.5 rel%/DM medication), current smoking, known CHD [anamnestic MI, PCI (percutaneous coronary intervention), CABG (coronary artery bypass graft), stroke], and positive family anamnesis for MI/CVD/ stroke of mother and/or father. The anamnestic weekly alcohol intake was measured in units: 1 unit corresponds to 0.33 l beer, 0.125 l red/white wine, or 0.02 l spirits.
The study was carried out in adherence to the Declaration of Helsinki and its later amendments and the ethical standards in sports and exercise science research [14] . The protocol has been approved by the Ethical Commission of the Medical University of Vienna (EC-number: 1830/2013) and informed consent was obtained from all subjects before inclusion.
Measurement of anthropometric data and bicycle stress test (ergometry)
After detailed anamnesis and physical examination including the measurement of height, weight, body water, body muscle mass, and body fat (with a diagnostic scale, Beurer BG 16, Beurer GmbH, Ulm, Germany), the subjects had to perform a bicycle stress test (ergometry) at the beginning of the study to define their performance level and to calculate their individual training pulse/target heart rate (using the Karvonen formula with an intensity level of 65-75% for moderate and 76-93% for vigorous intensity). The subjects were let to decide the kind of physical activity/sports; however, they were asked to perform at least 75 min/week of vigorous or 150 min/week of moderate intensity endurance training (or a mixture; strength training was allowed but not mandatory) within the calculated training pulse. A second ergometry was performed at the end of the study (after 8 months) to prove and also quantify exactly and objectively the change/gain in performance. Therefore, we relinquished the leading of a training protocol. The bicycle stress tests were always ECG-monitored and performed with the same system (Ergometer eBike comfort, GE Medical Systems, Freiburg, Germany) starting with 25 W and increasing every 2 min by 25 W (according to the protocol of the Austrian Society of Cardiology which is equal to the guidelines of the European Society of Cardiology). Blood pressure and heart rate were taken every 2 min. Subjects were told to cycle with 50-70 revolutions/min until exhaustion occurred. The target performance was calculated using body surface [calculated according to DuBois formula [15] An individual target performance of 100% represents the performance of an untrained collective. We estimate that a performance gain of at least 5% is necessary to manifest measurable and clinically relevant changes concerning the inflammation profile. Therefore, the study population was divided into 4 groups according to the baseline performance and to the performance gain over the observation period:
• Group 1 consists of participants with a performance ≤ 99% at baseline and a performance gain ≤ 4.9%.
• Group 2 of participants with a performance ≤ 99% at baseline and a performance gain > 5%.
• Group 3 of participants with a performance > 100% at baseline and a performance gain ≤ 4.9%.
• Group 4 of participants with a performance > 100% at baseline and a performance gain > 5%.
Routine laboratory and sRAGE analysis
Blood samples were drawn in a not starving state. Blood samples for the determination of sRAGE (CycLex Co human sRAGE ELISA Kit, CY-8083 Nagano, Japan) were taken at baseline, after 2, 6, and 8 months and analysed by ELISA (enzyme-linked immunosorbent assay) according to the manufacturer's instruction. The coefficient of variation (CV) was 6.9%. All blood samples were taken after 10 min of still lying from an arm vein with a tube/adapter system. Samples for the determination of routine laboratory parameters were analysed immediately after drawing.
The analysis was performed according to the manufacturer's instructions.
Statistical analysis
Statistical analysis was accomplished using SPSS 20.0. Continuous and normally distributed data are described by mean ± standard deviation (SD). Non-normally distributed data are described by median/25th quartile/75th quartile. Single correlations involving only two normally distributed data were calculated using Pearson Correlation, single correlations involving two non-parametric data and/or ordinal data were calculated using Spearman's rho analysis. To investigate the correlation of sRAGE levels with anthropometric data and laboratory parameters, we used Spearman's rho analysis. Backwards, multiple linear regression analysis was performed to investigate the association of the co-variables age, sex, T2DM, smoking, BMI, performance gain, HbA 1 c and lipoprotein a with both baseline sRAGE levels and sRAGE levels after 8 months of physical activity.
As it was expected that not all of the subjects would reach an adequate performance gain during the observation period, we defined in the forefront a minimum threshold of 5% performance gain as significant and divided the study population into the 4 mentioned groups. To investigate trends over the observation period of 8 months, we used the Friedman test. All tests were performed in accordance with two-sided testing and p values ≤ 0.05 were considered significant.
Results

Risk factor profile, anthropometric, and laboratory data at baseline
Risk factor profile, anthropometric, and laboratory data for the four groups at baseline are shown in Table 1 . Concerning the total population, the most prevalent cardiovascular risk factors were overweight/adipositas (65.3%), a positive family anamnesis (44.9%), hypertension (32.7%), and smoking (20.4%). Compared to the initially non-sportive groups 1 + 2, participants of the initially sportive groups, 3 + 4 had significantly higher body muscle mass and body water and lower body fat amount (35.6 ± 3.9 vs. 33.5 ± 3.9%, p = 0.014; 54.1 ± 6.1 vs. 49.9 ± 4.5%, p < 0.001; 27.5 ± 10.9 vs. 32.1 ± 6.2%, p = 0.018). There was no significant difference in BMI (28.3 ± 5.0 vs. 26.9 ± 3.4 kg/ m 2 ). The performance gain was − 0.4 ± 4.6% in group 1, 13.7 ± 6.7% in group 2, − 2.2 ± 5.3% in group 3, and 13.4 ± 4.9% in group 4.
Concerning the total population, at baseline, sRAGE levels correlated positively with chloride (p = 0.039) and anorganic phosphate (p = 0.049) and negatively with BMI (p = 0.006), erythrocyte count (p = 0.018), haemoglobin (p < 0.001), haematocrit (p = 0.001), ALAT (p = 0.019), apolipoprotein B (p = 0.037), and lipoprotein a (p = 0.006). Concerning other anamnestic, anthropometric, and laboratory parameter, there was no correlation; in particular, sRAGE levels did not correlate with smoked pack years (p = 0.727), weekly alcohol intake (p = 0.760), age (p = 0.323), hsCRP (p = 0.540), interleukin-6 (p = 0.145), HbA1 c (p = 0.284), and C-peptide (p = 0.079). Backwards, multiple linear regression analysis was performed to investigate the association of the co-variables age, sex, BMI, performance gain, HbA 1 c, and lipoprotein a with baseline sRAGE levels. We identified BMI and lipoprotein a as (borderline) significant predictors for baseline sRAGE levels and also sRAGE levels after 8 months of physical activity, as shown in Table 2 (baseline: F = 6.08; p < 0.005; r 
Influence of physical activity on sRAGE levels
There was no significant difference concerning baseline sRAGE and hsCRP levels for group 1 + 2 vs. group 3 + 4 (p = 0.172 and 0.077), but there was a significant difference for IL-6 (p = 0.020). The sRAGE levels at the different points of measurement of the four groups are shown in Table 3 . The initially sportive participants (group 3 + 4) showed higher sRAGE levels at baseline compared to the initially non-sportive groups (group 1 + 2). There was no significant change in sRAGE levels in group 1 (p = 0.392; − 8.3%) and group 3 (p = 0.184; 5.8%) compared to significant changes in group 2 (p = 0.015; 22.4%) and group 4 (p < 0.001; 9.3%) calculated by Friedman test. We also stated a decrease of the inflammation parameters hsCRP Table 1 Description of population Cardiovascular risk factor profile, anthropometric data and lab-analysis at baseline of the four groups CHD chronic heart disease, BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure, HR heart rate, Na natrium, K potassium, Cl chloride, Ca calcium, Mg magnesium, BUN blood urea nitrogen, ASAT aspartate aminotransferasis, ALAT alanine aminotransferasis, GT glutamyl transferasis, LDH lactate dehydrogenasis
The p values represent the significance of the differences between baseline values of the initially non-sportive groups (Group 1 + 2) vs. the initially sportive groups (Group 3 + 4). For better recognisability the significant differences are marked (**)
Initially non-sportive (n = 37)
Initially sportive (n = 61) Table 3 Progression of sRAGE, hsCRP, IL-6, HbA1 c, and C-peptide Progression of sRAGE, hsCRP, Il-6, HbA1 c and C-peptide in the four groups at the four points of measurement (baseline, after 2, 6 and 8 months). Data is given as median/25th/75th percentile for non-parametric values and as mean ± std dev for normally distributed values. The significances of the progressions (p value) have been calculated using Friedman test. The change in sRAGE levels (baseline vs. value after 8 months) is also described in percent sRAGE soluble receptor of advanced glycation end products, hsCRP high-sensitivity C-reactive protein, IL-6 interleukin-6
Initially non-sportive (n = 37) Initially sportive (n = 61) 4.1 ± 3.7 3.8 ± 2.2 3.4 ± 1.8 3.9 ± 2.6 C-peptide 6 months 3.8 ± 2.7 4.4 ± 2.8 3.2 ± 2.1 3.6 ± 2.2 C-peptide 8 months 4.5 ± 4.6 3.6 ± 2.0 3.1 ± 1. and IL-6 in group 2 and group 4 but without statistical significance.
Discussion
We could show a negative correlation of lipoprotein and sRAGE levels at baseline and a significant physical activitymediated increase in serum sRAGE levels and the sRAGE increase was most pronounced in subjects with initially lowperformance levels. AGEs occur when reducing sugar reacts with amino acids in proteins or other macromolecules. AGEs are mainly generated via the Maillard reaction; however, they can also be formed by oxidation of glucose or peroxidation of lipids [16] . High AGEs levels have been associated with aging [17] and disease which are related to aging such as diabetes and its vascular complications [1] , Alzheimer's disease [2] , and atherosclerosis [3] . The interaction of AGEs with the receptor for advanced glycation end products (RAGE), a transmembrane receptor of the immunoglobulin superfamily composed of three domains which is expressed by, e.g., endothelial cells, lymphocytes, monocytes, and vascular smooth muscle cells, triggers the activation of mitogen-activated protein kinases (MAPKs) and phosphatidylinositol-3 kinase (PI3-K) leading to the activation of nuclear factor kappa B (NF-κB). Finally, NF-κB activation leads to a release of inflammatory cytokines like tumour necrosis factor α (TNFα), interleukin 6 (Il-6). Furthermore, a positive feedback mechanism between NF-κB and RAGE has been described [18] . Consequently, the interactions of AGEs with RAGE result in oxidative stress and the production of matrix metalloproteinases (MMPs), which cleave RAGEs and produce sRAGE [19] . sRAGE, the circulating soluble receptor of advanced glycation end products, is used as biomarker reflecting RAGE activity. sRAGE competes with RAGE by acting as a decoy receptor and may, therefore, prevent inflammatory processes [19] . sRAGE was shown to be elevated after myocardial infarction [4] and increased sRAGE levels were associated with poor in-hospital prognosis [20] . The major source of sRAGE in acute coronary syndrome (ACS) is not clear; however, Jensen et al. [21] speculate that it originates from the cardiomyocytes or the vascular cells in the damaged myocardium. Consequently, it seems that sRAGE is upregulated in current inflammatory processes (e.g., after myocardial infarction) to counteract inflammation-based damage. On the other hand, studies by Selvin et al. [5] , Momma et al. [6] , and Lazo et al. [7] could show that lower levels of sRAGE are independently associated with incident coronary heart disease, diabetes mellitus, metabolic syndrome, heart failure, and death. It seems that sRAGE levels are upregulated in acute settings such as myocardial infarction, but also in chronic disease, high sRAGE levels are beneficial. We could show a physical activity-mediated increase of sRAGE levels, whereby in particular, subjects with an initially low level of physical performance benefitted by an increase of up to 22%. Furthermore, data from the ARIC study [22] delivered results that showed an inverse relationship of sRAGE with current inflammation markers (hsCRP, fibrinogen). However, we neither observed a positive nor a negative correlation of sRAGE with hsCRP or Il-6 at baseline.
Glucose plays an important role in sRAGE metabolism. AGEs accumulate in human tissue proteins as a result of chronic hyperglycemia, and since sRAGE levels have been negatively correlated with serum glucose [23, 24] , we also analysed the HbA1 c and C-peptide progression over the observation period. However, although groups 2 and 4 showed a significant increase in sRAGE levels, there was no change in HbA1 c and C-peptide observable. However, we could show a negative correlation of lipoprotein a, a lipoprotein which is involved in the pathogeneses of vascular diseases, with sRAGE.
Studies in human dealing with the influence of long-term physical activity on AGE [25, 26] and sRAGE levels are rare and conflicting: Kotani et al. [12] measured serum sRAGE levels in 15 female and 15 male healthy, non-smoking Japanese volunteers (mean age 65 years) in the pre-and postphase of a 6-month interventional program and stated a significant reduction of circulating sRAGE levels. However, with 30 individuals, the sample size was very small and the training program only included monthly explanatory and motivational sessions to increase physical activity such as daily walking and to instruct on the appropriate methods. The participants were educated on how to measure their heart rates during a walking exercise in their radial arterial pulses, and recommended to perform the walking at 60% of the maximal heart rate for at least ≥ 30 min. Choi et al. [13] investigated the influence of physical activity on sRAGE in 75 female non-smoking patients (mean age 55 years) suffering diabetes mellitus. They performed a bicycle stress test at the beginning of the study and the 12-week-exercise program (the subjects were assigned to walk for 60 min per session, five times per week at moderate exercise capacity) was monitored by a multirecord accelerometer. This study group finally observed a significant increase of circulating sRAGE levels.
It is known for a long time that physical activity is one of the most potent therapeutic intervention to prevent CVD or at least to retard its progression. The activation of the AGE-RAGE axis results in the generation of inflammatory cytokines and oxidative stress. However, low sRAGE levels have been associated with coronary heart disease, diabetes mellitus, metabolic syndrome, heart failure, and death, because sRAGE acts as decoy for RAGE ligands and thus has cytoprotective effects. The increase of serum sRAGE levels in sporting individuals might be a sign of a physical activity-derived decrease in AGE/RAGE-mediated inflammation and might partly be involved in the protective effect of sports on the vasculature. However, although the chosen inflammation parameters (IL-6, hsCRP) decreased in the both groups with proven performance gain (and increasing sRAGE levels), the decrease of the inflammation parameters was not significant, probably due to the low inflammation level at baseline.
Conclusion
sRAGE serum levels correlate negatively with lipoprotein a levels and BMI and long-term physical activity leads to a significant increase in serum sRAGE levels (9-22%), whereby the sRAGE-increase is most pronounced in subjects with initially low-performance levels, suggesting that in particular, these subjects profit the most from increased physical activity. The sports-mediated increase of sRAGE might be a sign of decreased AGE-mediated inflammation and highlight the protective effect of sports on CVD and other disease which are at least partly mediated by an increased inflammation status.
Limitations
The present study has several limitations: First, although 98 participants completed the study the number of subjects is too low to show sex-specific differences. Second, several other not controlled influences and circumstances (besides physical activity) might have led to an increase in sRAGE levels.
